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electrical energy is presented. A discussion about the suitability of the each method 
with  the  surrounding  environment  is  analysed  and  followed  by  analysis  about 
piezoelectric harvesters  and the ability of using rotation as a source to generate an 
output power. Applications by which the harvester can be used are introduced with a 
focus on the possibility of using the harvester inside a vehicle tyre. This is followed by 
a discussion about the advantages of using piezoelectric pre-stressed beam (Thunder™) 
for this type of application.  
Chapter 3 presents a theoretical analysis of the Thunder™ pre-stressed beam and 
addresses the influence of beam curvature on the amount of stress developed in the 
piezoelectric structure. The dependency of the structure characteristics on the applied 
compression forces is addressed and measured.  
Chapter  4  presents  a  numerical  analysis  of  the  impact  based  piezoelectric 
harvester.  The  principle  by  which  this  harvester  operates  is  detailed.  Numerical 
methods are used in order to analyse the behaviour of the impact based harvester in 
general and the Thunder™ beam in particular under impact force. The simulated results 
of  the  finite  element  analysis  using  the  ANSYS  software  are  used  to  analyse  the 
developed  stress  in  the  Thunder™  beam  due  to  the  effect  of  an  impulse  force. 
Moreover, ANSYS is used to analyse the amount of generated stress in the clamped 
area due to the clamping method. An optimization of the output power in geometries 
perspectives is carried out in this chapter.  
In Chapter 5 a testing wheel with the ability of mounting the developed harvester 
in different method is designed. The different methods of mounting are presented to 
analyse  the  effect  of  the  different  types  of  rotational  forces  on  the  harvester.  The 
method that is used to monitor the effect of the rotational forces in general and the 
centripetal force in particular on the impact based piezoelectric harvester is detailed in 
this chapter. The generated experimental results are presented, discussed and compared 
with the theoretical results presented in Chapter 4.  
In Chapter 6, the principle of the non-contact  piezoelectric based harvester is 
introduced. Simulation and optimization of the non-contact piezoelectric harvester is 
presented.  
An experimental method that is used to testify the theory is then introduced in 
Chapter  7.  This  is  followed  by  experimental  characterization  of  the  non-contact 
piezoelectric  harvester.  In  this  chapter,  the  experimental  results  are  presented  and 
compared to the numerical ones.    7 
This creates a problem in powering a large number of nodes that make up a network 
due to the cost of replacing the batteries. Although battery technology provides enough 
energy for applications that require high and constant power consumption in the range 
of  one  year  or  less,  the  need  to  develop  other  methods,  which  provide  sustainable 
energy  throughout  the  lifetime  of  the  device,  is  desired.  In  order  to  achieve  this, 
researchers have focused on three methods [5]: 
·  Improving the energy density of storage systems. 
·  Developing technologies that enable a node to scavenge power available 
in the surrounding environment.  
·  Developing a suitable method to distribute power to the nodes.  
Among  these  different  methods  of  powering  a  wireless  network,  power 
scavenging  has  the  advantage  that  the  lifetime  of  the  node  depends  only  on  the 
reliability  of  its  parts.  However,  each  environment  has  different  forms  and 
characterizations of the available ambient energy. This makes designing one type of 
harvester that is suitable to harvest energy from different environments and at different 
conditions  impossible.  The  focus  of  this  research  is  directed  towards  designing  a 
harvester that uses rotational energy as a source to provide an electrical energy.  
This Chapter is divided into five main sections. Section 2.2 presents the principle 
behind generating electrical energy from mechanical energy. A comparison between 
resonant and non-resonant systems in terms of its generated output power is presented 
in this section. Three different mechanisms that have been used to convert the kinetic 
energy  into  useful  power  are  illustrated  and  compared.  Section  2.3  presents  the 
possibility of using rotation as a main source of electrical energy. Section 2.4 outlines 
the previous efforts that have been described in the literature in order to achieve that. 
Suitable applications that can use the developed harvesters detailed in this work are 
discussed  in  Section  2.5  with  the  focus  on  extracting  energy  from  the  vehicle  tyre 
environment. The reason for choosing this application as the main one is explained in 
this chapter. Section 2.6 focuses on using a piezoelectric transducer as a method to 
convert kinetic energy into electrical energy. Different types of piezoelectric harvesters 
that are developed in the literature are discussed in this section.    14 
 
Figure 2.4 Micro-cantilever harvester with a moving magnet [10] 
Figure 2.4 shows an example of electromagnetic resonant harvester that can be 
used to extract electrical power from vibration. In this type of harvester, the maximum 
output power is achieved when the resonant frequency of the harvester matches the 
input frequency. If the input frequency is outside the range of the harvester, the output 
power will drop significantly. This makes this type of harvester not useful when the 
input frequency changes over time. An alternative to the resonant system is the non-
resonant harvester.  
 
Figure 2.5 A schematic of the basic structure of a non-resonant rotating harvester [12]. 
In a non-resonant electromagnetic harvester the spring, that connects the mass to 
the  frame,  is  omitted.  As  discussed  before,  the  output  power  in  a  linear  inertial 
scavenger is proportional to the internal travel of the mass. Therefore, Yeatman [12]   15 
tried to overcome this limit by eliminating the range constraint on the internal motion 
by using rotating proof mass motion. In this case, the mass can rotate in either case 
without a mechanical limit. He reported that the rotating mass could be powered by 
linear or rotational host motion. A schematic of non-resonant rotating harvester, where 
a semicircular mass rotates freely on a bearing, is shown in Figure 2.5. 
The  energy  extracting  mechanism  in  this  transducer  is  denoted  by  a  torque 
applying coupling between the frame and the rotating mass. The maximum power can 
be achieved when the damping torque equals the product of the mass moment of inertia 
and the frequency of the source motion. The damping torque, on the other hand, is 
proportional to the relative rotational velocity between the mass and the frame. The 
author noted that for low damped cases, the mass motion is small and thus the relative 
motion between the mass and the frame. However, for a strongly damped case, the 
relative motion between the frame and the mass equals zero. In both cases, the power 
approaches zero.     
Yeatman [12] compared the output power of his harvester with the one that has a 
mass  with  linear  internal  motion.  Both  types  of  harvesters  were  based  on 
electromagnetic transduction, as the only existing rotating devices use electromagnetic 
conversion. Moreover, both devices were driven by harmonic linear excitation. The 
author concluded that for a given mass and linear travel range, the extracted power 
from the transducer will be the same whether the mass movement is linear or rotating. 
The choice between these techniques depends on the application reliability and cost. 
Moreover, both systems can be used over a wide range of input frequencies.   
The  transducer  developed  by  Yeatman  can  extract  power  from  rotational 
excitation when an eccentric mass is used in the system. In this case, the frame rotates 
and the extracted power depends on the relative velocity between the frame and the 
mass. Two types of torque will be generated; damping torque and gravitational torque. 
The maximum power will be extracted when these torques are equal because the mass 
remains static. In this case, the output power is proportional to the rotation speed. The 
author describes the motion of the mass as highly nonlinear if the damping and the 
gravitational  torques  are  not  equal.  This  is  due  to  the  fact  that  gravitational  torque 
depends on the rotational position of the mass. For this analysis, the semi-circular mass 
rotates freely on a bearing located in the centre of the rotating frame. However, because 
the rotational mass depends on the gravitational torque rather than the inertial mass, the 
performance  of  the  transducers  is  dependent  on  their  orientation.  Two  different   16 
configurations based on electromagnetic transduction that were developed based on the 
concept of a rotating mass are presented in the following paragraphs. The ability of 
using them to extract power from rotating object is addressed.      
The harvester, designed by Spreemann et al [13] was aimed at converting linear 
vibration into rotary motion using a non-resonant electromagnetic harvester. For this 
harvester  the  output  power  depended  on  the  vibration  amplitude,  the  harvester 
geometry  and  the  initial  conditions.  This  harvester,  which  is  shown  in  Figure  2.6, 
converted  the  linear  vibration  into  a  rotary  motion.  The  harvester  was  designed  to 
operate under small vibration amplitudes, i.e. 100  m. This harvester was modelled as a 
damped mechanical pendulum where the effect of initial conditions and the harvester 
geometry were analysed. It was found that if the length of the pendulum was one order 
of magnitude greater than the vibration amplitude or more, an initial angular velocity 
was required to start the rotation motion. This initial rotary frequency should be the 
same order of magnitude as the vibration frequency. Once the initial rotary frequency 
was applied, the pendulum performed a rotation driven by the applied vibration. At this 
point the rotation frequency followed the vibration frequency and its value changes 
proportionally to the rotary frequency.  
If the vibration amplitude was in the same order of magnitude as the pendulum 
length, the energy from vibration was enough to start the rotation without the initial 
rotary frequency. In this situation the system showed undetermined chaotic behaviour. 
The advantage of this harvester is that, the output power is proportional to the square of 
the rotating angular velocity. This means the output power increases by increasing the 
input vibration. Moreover, the maximum output power is generated when the output 
load resistance equals the coil resistance (20  ). A harvester with a volume of 1.5 cm
3, 
a mass of 2.85 grams, a pendulum length of 5.62 mm and frequency amplitude of 100 
 m  at  vibration  frequencies  ranging  from  30  to  80  Hz  generated  an  output  power 
ranging from 0.4 mW to 3 mW. The authors did not present the effect of applying a 
vibration amplitude that is one order of magnitude higher than the pendulum length or 
more.  The disadvantage of this design is that its behaviour starts to get chaotic when 
the pendulum length is less than the vibration amplitude. Therefore, this system is not 
suitable to be used when the input vibration amplitude is higher than the pendulum 
length.  
   17 
 
Figure 2.6 Converting the linear vibration into rotary motion, non-resonant electromagnetic 
harvester [13] 
The  authors  did  not  simulate  the  effect  of  rotation  on  the  movement  of  the 
pendulum. Therefore, in the next paragraph a discussion about the possibility of using 
this type of harvester to harvest energy from rotating objects is presented. For this 
application, the energy harvester device shown in Figure 2.6 is positioned at a specific 
distance from the centre of rotation. The simulation software Working Model is used to 
predict  the  behaviour  of  the  pendulum  movement.  The  behaviour  of  the  pendulum 
movement when its length is an order of magnitude less than the radius of rotation can 
be summarised in the following paragraph. Using the rotating object as a frame of 
reference, at low rotating speeds the pendulum movement can be described as pure 
rotation (below 3 rps). Increasing the rotating speed any further causes the pendulum to 
oscillate.  The  amplitude  of  the  oscillation  movement  reduces  as  the  rotating  speed 
increases.  Therefore,  this  harvester  is  suitable  to  be  used  when  the  rotating  object 
operates at low rotating speed.       
Another  electromagnetic  transducer  configuration  based  on  a  non-resonant 
system is analysed and tested by Tzern et al [14]. This harvester is based on generating 
output power from rotation. The generic rotating harvester consisted of stator and a 
rotor. The relative movement between these two components converted the mechanical 
energy into electrical energy. The group who developed this harvester proposed that 
such a harvester can be used to power a tyre pressure monitoring sensors located inside 
the vehicle tyre. For this experiment, a DC motor is used as a harvester as show in 
Figure 2.7. The rotor of the harvester is coupled to the rotating source. To prevent the   18 
outer housing of the harvester (stator) from rotating along with the rotor, an offset mass 
from the axis of rotation is added to the stator. In order for the host to act as a stator the 
magnetic torque should be equal to the gravitational torque. The flip-over speed by 
which the stator starts to rotate with the rotor is calculated. As the output power equals 
the rotational angular velocity squared, the team added a gearbox between the rotating 
source and the harvester in order to increase the angular speed and thus the output 
power. This harvester, which uses a 20 gram mass, produced an output power of 8 mW 
at 477 rpm. Tzern at al [14] discuss the possibility of mounting the harvester off-axis. 
In this situation the centripetal force tended to throw the mass attached to the harvester 
host  outwards  and  affect  the  gravitational  force.  Therefore,  increasing  the  offset 
position  of  the  harvester  will  result  in  reduced  output  power.  For  a  10  cm  offset 
position, it has been found that the stator starts to flip over and when the rotating speed 
reaches 280 rpm the motion of the stator is almost synchronized with the rotor motion. 
This means no output power is generated.  
This harvester is more suitable for application where there are no size or weight 
restrictions on the harvester. In addition, this harvester is more suitable to be used when 
the centre of rotation is aligned with the harvester’s centre of rotation. Moreover, it is 
more preferable to design a harvester that has the ability to produce an output power at 
any value of the offset position from the centre of rotation.  
 
Figure 2.7 Setup to generate power from rotation using electromagnetic harvester [14] 
Holmes  et  al  [15]  designed,  simulated,  fabricated  and  tested  an  axial-flux 
permanent magnet electromagnetic harvester based on a rotating harvester. The idea of 
this  device  is  that  it  generates  power  from  an  externally  generated  gas  flow.  The 
harvester comprises of a polymer rotor with embedded permanent magnets sandwiched   22 
was described by Tashiro et al [19]. This structure has a variable capacitance between 
110 and 32 nF. After charging the capacitor to 45 V from a battery, the harvester was 
put on a shaker. A power of 36  W was harvested form acceleration amplitude of 1 ms
-
2 at 6 Hz, which is the resonant frequency of the device.   
 
Figure 2.11 In-plane overlap electrostatic transducer (after [16]). 
Mitcheson et al [20] described the benefit of using a non-resonant electrostatic 
transducer. This research group carried both simulation and experimental work. For 
non-resonant electrostatic transducer the spring constant was set to zero. Therefore, the 
device  is  not  tuned  to  a  specific  resonant  frequency.  The  mass  forms  one  of  the 
capacitor’s plates. A holding force or electrostatic force is created due to pre-charging 
the capacitor which operates under constant charge or constant voltage. The conversion 
of energy starts when the frame acceleration is greater than the holding force. This 
forces the mass to move relative to the frame. If the damping force is at its maximum 
value, the mass moves from one end of the frame to the other at the peak of the frame 
acceleration and thus produces the maximum output power.     
For  an  application  where  it  is  necessarily  to  operate  across  a  wide  range  of 
excitation frequencies Yeatman [21] proposed a non-resonant electrostatic harvester 
(Figure 2.12). In this harvester, the mass is held in place by pre-charging it using a 
separate power supply. The generated electrostatic force between the two plates of the 
capacitor keeps them at certain distance from each other. When the applied force is 
high enough to overcome the electrostatic force, the mass accelerates to the other side 
of the frame and discharges its energy. The suspensions are made from polyimide to 
give  low  suspension  stiffness  to  avoid  resonant effects.  These  suspensions  work  as 
electrical contact and mechanical stop. This device can be used for wide range of input 
motion. The output voltage waveform is in the form of pulses. Therefore, a circuit is 
required to convert the output to a DC signal.    32 
% under-inflated, the tyre life will be reduced by 50 % [27]. Over-inflated tyres, on the 
other  hand,  cause  poor  grip  and  reduce  the  vehicle  stability  when  braking  and 
cornering. In summary, correct tyre pressure not only increases the lifetime of the tyre, 
but also reduces the fuel consumption. According to Tyre Industry Council, 90 % of all 
vehicles on the road have at least one tyre at the wrong pressure [28]. This is due to the 
fact  that  tyres  can  be  more  than  20  %  under-inflated  before  the  drivers  realises  it. 
Therefore, drivers should perform regular tyre checks at least once every week and 
especially before long journeys.  
Different  types  of  gauge  can  be  used  to  check  the  tyre  pressure  manually 
including a pencil gauge [29]. Another method of checking the tyre pressure is using 
Tyre Pressure Monitoring System (TPMS) [30, 31]. This device, which is mounted 
inside the vehicle tyre, provides an automatic method of informing the driver with the 
pressure status of each tyre. The measured data from TPMS sensors located inside the 
tyres  is  sent  using  RF  signals  to  a  receiver  on  the  vehicle’s  dashboard  [32].  The 
receiver decodes and presents the pressure within each wheel to the driver. Mounting 
the pressure sensor directly inside each tyre is achieved by either fitting it to the inside 
end of the tyre valve (Figure 2.16 (a)) or on the bed rim using a stainless steel clamp 
(Figure 2.16 (b)). Each of these sensors needs a power source. At present, most of them 
are  powered  by  a  3V  lithium  battery.  Because  of  the  finite  battery  life,  different 
approaches have been used to reduce the power consumption. This can be achieved by 
using extra hardware to detect the mechanical situation of the vehicle and thus turn the 
system  off  when  the  vehicle  is  stationary  or  if  both  the  pressure  and  temperature 
measurements  have  not  changed  significantly  [33].  Designing  low  power  wireless 
sensors is another method to reduce the power consumption. In current systems on the 
market, both the sensor and the transmitter are powered by batteries while the receiver, 
fixed on the dashboard, is powered by the vehicle power supply (Figure 2.17).   
 
Figure 2.16 a) Transmitter by Schrader Electronics b) Transmitter by SmarTyre [30, 31].     34 
tyre rotating on a smooth road, the shape of the acceleration signal for one revolution is 
shown in Figure 2.18. It was found that, by increasing the velocity, the length of the 
positive and negative peaks would increase. However, the width of the negative peak 
would reduce by increasing the speed due to the reduction in the contact length.  
 
Figure 2.18 Radial stationary acceleration due to the tyre-road connection [2] 
Unlike  the  stationary  accelerations,  non-stationary  vibrations  depended  on  the 
velocity and both the road and the tyre tread surfaces. For a tyre rolling on a rough 
surface, stationary accelerations were superposed with the non-stationary vibrations as 
shown in Figure 2.19.  
  Analysing the measurements in the frequency domain showed that the energy 
spectrum due to radial accelerations is mainly contained in the frequency range < 500 
Hz. This frequency range is extended with increasing speed. An important observation 
was that the magnitude of the tread acceleration response is bigger than that of the 
sidewall for frequencies above 500 Hz due to high material damping. Because vibration 
energy  is  concentrated  in  the  contact  area,  Périsse  suggested  that  the  contact  zone 
between  the  tyre  and  the  road  surface  is  the  best  place  for  mounting  an  energy 
harvesting device. Périsse concluded that vibration level increased with velocity.     35 
 
Figure 2.19 Tread vibrations due to rolling on a rough surface [2] 
Allison [34] performed an experiment to understand the vibration developed in a 
rolling tyre. The model of the tyre was presented as a belt, a rigid rim and a hub. The 
hub was mounted on a suspension system and had the freedom to rotate. Experimental 
results showed that, damped vibrations due to the direct contact between the tyre and 
the road were transferred to the rim. This result agreed with the results presented by 
Périsse  [2].  Recent  research  is  trying  to  develop  a  new  self  powered  tyre  pressure 
sensor that can be molded with the tyre [35, 36].       
The  mechanical  energy  available  in  the  vehicle  wheel  and  presented  by  both 
vibration and rotation can be converted into electrical energy. It has been found that the 
vibration in the vehicle wheel depends on the car type, driving conditions, the vehicle 
tyre  tread,  vehicle  speed  and  the  road  condition.  Therefore,  the  electromechanical 
harvester should be designed to operate under a wide range of applied frequencies. 
Moreover, it has been found that the vibration is available only in the contact zone 
between the road and the tyre. Therefore, the inner side of the tyre is the best place to 
mount the harvester. However, the available TPMS are mounted on the vehicle wheel 
rim. Therefore, in order to replace the TPMS battery, the harvester must be designed to 
be mounted on the wheel rim and withstand the centripetal acceleration amplitude.   
Using  rotation  to  generate  power  is  an  alternative  method,  where  the  output 
power  will  depends  only  on  the  speed  of  the  vehicle.  As  it  has  been  explained 
tangential  force  is  only  available  when  there  is  a  change  in  the  vehicle’s  speed. 
Centripetal force, on the other hand, is always available and its magnitude depends on 
the vehicle speed. Moreover, this force is proportional to the square of the vehicle   37 
 
Figure 2.20 Finite element structure of Keck’s harvester [36] 
The behaviour of Keck’s harvester was described as moving from a lower motion 
stop to an upper motion stop. The lower motion stop was caused by the centripetal 
force. It was found that, during the tyre-road contact the centripetal acceleration was 
ramped up. This caused deflection of the mass and thus forcing the harvester to spring 
back  to  its  upper  motion  stop.  Keck  noted  that  the  output  energy  can  be  mainly 
generated during the tyre-road contact. However, at a speed up to 100 km/h a free 
oscillation contributed toward generating energy. Keck summarised the problems of the 
harvester  as  follows.  The  harvester  produced  maximum  power  when  its  natural 
frequency  matched  the  applied  frequency  at  a  certain  speed.  Under  this  speed  the 
stiffness of the device was enough to reduce the deflection of the upper motion stop. 
Increasing the speed, on the other hand, created a problem with the mechanical stability 
of  the  harvester.  For  this  case  the  stiffness  was  not  enough  to  withstand  the  force 
applied by the centripetal acceleration, which can reach 50000 m/s
2.   
EoPlex developed a new process to manufacture piezoelectric harvesters for tyre 
pressure sensors [1]. The work aimed at using a bimorph piezoelectric structure, which 
was well studied in the literature, to convert some of the available vibration of the tyre 
into electricity. As shown in Figure 2.21, the harvester had a bimorph beam structure. 
The beam was fixed at one end while the other end was vibrating freely. A mass was 
built into the free end to tune the device to a certain available vibration in the tyre. 
EoPlex used printing pastes to build blocks in layers to create a 3D structure. The paste 
was  a  mixture  of  inorganic  powder  (e.g.  glass  and  PZT),  which  created  the  final 
structure,  and  an  organic  portion,  which  allowed  the  paste  to  be  printed.  Another 
printing  paste  called  ‘fugitive’  was  used  to  build  complex  open  areas  within  the   45 
followed  by  an  adhesive,  thin  layer  unimorph  PZT,  another  adhesive  layer  and 
aluminium on top. Both top and bottom layers are used as electrodes. The bottom layer 
has a tab on both ends with slots for mounting as can be seen in Figure 2.24. 
 
Figure 2.24 Thunder™ construction [46] 
The  manufacturing  process  involves  heating  the  entire  assembly  at  a  high 
temperature (320 
oC) and cooling it down to room temperature [47]. The strength of the 
adhesive bond holds the different layers together. During the cooling procedure, the 
mismatch in the thermal expansion coefficients causes the metal and the ceramic layers 
to contract at different rates. The result is internal pre-stresses that are developed in 
different layers. The pre-stress keeps the stainless steal substrate in tension and the PZT 
in  compression  and  creates  a  domed  shape  as  shown  in  Figure  2.25.  This  allows 
Thunder™ to be deflected more than standard piezoceramics without cracking. These 
devices can be used both as actuators and sensors.  
 
Figure 2.25 Internal pre-stresses [46] 
As  a  harvester,  the  mechanical  deformation  within  the  PZT  layers  produces 
electrical energy. These deformations are accomplished by using the Thunder™ as a 
cantilever or a simple beam. Thunder™ are clamped firmly at one end when they are 
used as cantilevers as shown in Figure 2.26 (a). Using Thunder™ as a simple beam 
means one end should be completely fixed, while the other end is simply supported 
[48] as shown in Figure 2.26 (b). Rigidly fixing both ends prevents the Thunder™ from 
moving and thus reduces the output power.         47 
configuration  is  higher  than  the  one  in  the  cantilever  configuration  which  makes 
straining of the material difficult. It was concluded that a stack configuration had more 
mechanical stiffness and was more suitable for high forces. Baker et al concluded that 
using  a  cantilever  configuration  was  more  efficient  in  an  environment  with  small 
acceleration amplitude (~10 m/s
2). In this case because the applied force is small the 
stack mechanism would be unable to generate significant energy.  
Therefore,  generating  power  from  a  rotating  object  using  a  non-resonant 
piezoelectric harvester requires the piezoelectric element to operate on the 33 mode. 
This is because mode 33 has higher coupling coefficient and thus higher efficiency than 
31 mode. Moreover mode 33 is more robust under impact force especially if the force 
has been generated by the centripetal force where the acceleration amplitude can reach 
a value that is 3 orders of magnitude greater than the gravitational acceleration [42].      
Yang et al [50] has shown that the output power of a piezoelectric plate operating 
in  the  33  mode  was  proportional  to  the  coupling  coefficient.  Their  analytical 
calculations showed that, when the harvester operated at resonance, the output power 
increased significantly. The authors concluded that higher displacements and strains 
were observed in the material when the driving frequency was close to the resonant 
frequency of the system.  
A cantilever configuration which consisted of one single piezoelectric material 
mounted on a metallic cantilever beam was described by Glynne-Jones et al [51]. This 
unimorph configuration provided a low resonant frequency and resulted in high average 
strains for a given input force. The work included a method to reduce the harvester 
resonant frequency by placing  a mass on the free end of the beam. This made the 
system more likely to be driven at resonance in the natural environment, thus providing 
more  power.  The  results  showed  that  the  resonant  frequency  of  the  cantilever  was 
reduced  by  increasing  the  mass  on  the  end  of  the  beam.  The  same  conclusion  is 
observed and drawn by Gurav et al [52] 
Ng and Liao [53] work was focused on using a bimorph configuration. Their 
study was aimed at improving the power harvesting capability of a unimorph beam by 
using  two  piezoelectric  sheets  with  a  metallic  layer  between  them.  As  the  beam 
deformed,  the  top  layer  of  the  element  was  in  tension  and  the  bottom  one  was  in 
compression or vice versa. In parallel poling the current produced by each layer will be 
superposed. In this case, the poling of the two layers is in the same direction. However, 
in series poling, where the two layers are poled in opposite directions, the voltage was   49 
A novel configuration was developed by Baker et al [49], in which a piezoelectric 
beam was compressed, fixed at both ends with pins and a 22 gram mass was attached to 
the centre of the beam (Figure 2.28). The device generated power by snapping from 
one  stable  mode  to  another  (bi-stable).  The  group  found  that,  the  bi-stable  device 
required an acceleration amplitude four times higher that the gravity acceleration to 
snap the beam between its two modes. Both compressed and uncompressed beams were 
tested by changing the frequency between 20 and 100 Hz. This range of frequencies 
was chosen by the authors because it covered the resonant frequencies for both designs. 
It has been found that bi-stable device generate around 30 % to 100 % more power than 
the uncompressed device. It was concluded that a bi-stable configuration is required 
when the excitation frequency keeps changing and thus the device has more available 
power than the uncompressed beam. 
Another example of bi-stable devices is a piezoelectric ultrasonic transducer [55]. 
The thermal expansion coefficient was mismatched between the silicon membrane and 
the PZT layer deposited on its surface. This resulted in a build-in stress within the 
structure. The membrane was found to snap from one position to another by rotating 
the device in the earth’s gravitational field due to the deflection of the centre of the 
membrane.  
 
Figure 2.28 Schematic of bi-stable mechanism (after [49])  
For a bi-stable device the maximum power will be extracted when the device 
resonant frequency matches the applied frequency. The output value reduces when the 
applied frequency drops either side of the resonant frequency. However, this drop is 
lower  that  the  one  provided  by  the  standard  beam.  Therefore,  the  output  power 
generated  by  a  compressed  beam  device  is  higher  than  an  uncompressed  one. 
Moreover, the beam starts to snap from one side to another when the input acceleration 
amplitude  reaches  its  critical  value.  Below  this  value  the  snap  will  not  happen.   52 
 
Figure 2.30 Piezoelectric harvester designed for human application ( after [58]) 
A later theoretical study by Renaud et al [59] explained the dynamic behaviour of 
the piezoelectric transducer under an impact excitation. The non-resonant piezoelectric 
harvester developed by Renaud has the same concept of extracting electrical energy 
from kinetic energy as the one proposed in this thesis. The difference between the two 
harvesters is that the one proposed in this thesis (Chapter 4) has a ball bearing as a 
mass. This means the impact area is small and the friction between the moving mass 
and the frame is negligible. In the harvester that has been developed by Renaud, there is 
more contact surface between the sliding mass and the frame and thus more friction 
will be generated between them. For modelling, Renaud used a piezoelectric cantilever 
where the impact force is located at the tip of the cantilever. However, for the design 
proposed in this thesis the piezoelectric beam is pre-stressed and the applied force is 
located at the middle of the pre-stressed beam. This means not only the amount of the 
output power will be different, but also the behaviour of the piezoelectric structure 
under impact will differ. As the dynamic behaviour of the pre-stressed beam under 
impact  force  has  not  been  exploited  before,  the  work  of  this  thesis  will  focus  on 
analysing this behaviour. The mechanical stability of the proposed harvester is reflected 
and studied in this work at the maximum applied rotating speed. This can be achieved 
by optimizing the harvester geometry such as the mass weight, the tube length and the 
stiffness of the beam that the pre-stressed beam is mounted on.  
The  design  and  the  modelling  of  a  piezoelectric  pulse  harvester  is  presented  and 
discussed by Keawboonchuay et al [60, 61]. This investigation presented a theoretical 
description  of  the  harvester  under  impact  force.  Keawboonchuay  et  al  performed 
experiments on a piezoelectric harvester to compare the results with a computer model.   56 
developed strain in the piezoelectric material and thus the output power of the harvester 
and the mechanical stability of the piezoelectric structure. 
Various piezoelectric configurations based on converting mechanical energy into 
electrical power were discussed in the literature. Some of these were based on resonant 
system such as the beam configuration. Others were based on non-resonant systems, 
where direct contact between the mass and the piezoelectric material will occur due to 
the applied force. Using impact force to generate power from piezoelectric transducer 
was  identified  in  the  literature  as  an  important  method  of  energy  harvesting.  The 
combination of experimental and theoretical work was used in an attempt to achieve 
better  understanding  of  the  behaviour  of  the  piezoelectric  harvester  under  impact 
forces.  
A concept of an energy harvester that converts the rotational motion into linear 
one  when  it  is  mounted  on  a  rotating  object  was  discussed.  It  was  concluded  that 
piezoelectric harvester based on non-resonant system was the most suitable one for this 
application. In this system a direct force will be applied between the mass and the 
piezoelectric structure. The contact between the mass and the piezoelectric structure 
occurs due to the effect of the rotational forces. Other methods that generated output 
power from rotation using electromagnetic harvesters were presented and discussed. 
Their suitability for extracting power by being mounted at a certain distance from the 
centre of the rotating object was analysed and their limitations were highlighted. It was 
concluded that these harvesters had the ability to generate power from a rotating object 
when  the  rotating  speed  was  low.  At  high  rotating  speeds,  the  behaviour  of  these 
harvesters  became  chaotic  and  their  output  power  reduced  due  to  the  effect  of  the 
centripetal force.   
The aim of this thesis is to design a harvester that can be mounted on a rotating 
object  and  extract  electrical  power  from  the  rotational  forces  in  general  and  the 
centripetal force in particular. Generating power from the vehicle tyre is one of the 
applications for which the harvester can be used. Two different methods can be used to 
extract the kinetic energy presented in the vehicle tyre including vibration and rotation. 
Previous works have identified the contact zone between the tyre and the road surface 
to be a promising area for generating power as vibration decays rapidly outside this 
zone.  In  this  case,  the  harvester  should  be  mounted  in  the  inner  side  of  the  tyre. 
Moreover  tyre  vibration  depends  on  the  vehicle  type,  road  conditions,  driving 
conditions, tyre tread surface and the vehicle speed. Some of the harvesters presented in   57 
this chapter were designed to convert the vibration due to the tyre deflection in the 
contact  zone  into  electrical  energy.  Although  the  vibration  range  was  found  to  be 
between 10 Hz and 1 kHz, all the harvesters that were mentioned in the literature were 
based on a resonant system. This means they can provide maximum power only when 
the  applied  vibration  matched  their  natural  frequencies.  As  these  harvesters  were 
mounted  on  the  inner  side  of  the  tyre,  overload  protection  became  an  essential 
consideration. Using rotational forces is another method that can be used to generate 
power from the vehicle tyre. Tangential force as one of the rotational forces is available 
only when there is a change in the vehicle speed, whereas centripetal force is always 
available and its amplitude depends only on the vehicle speed. Therefore centripetal 
force can be considered to be a promising source of electrical power. In this case, the 
harvester can be mounted on the rim of the vehicle wheel instead of the inner side of 
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provided with the test machine. The software is capable of applying various force or 
displacement waveforms to the piezoelectric element, which is fixed on the bottom 
head as shown in Figure 3.13. The applied forces are measured using a calibrated load 
cell. Moreover, both the force and the displacement waveforms are monitored using the 
software. In order to analyze the response of the piezoelectric pre-stressed beam, a 
fixed compression force equal to 35 N with a cyclical force is applied. A PC running a 
custom LabVIEW application is used to measure the output voltage. Under each input 
force waveform the average output voltage is measured across various load resistance 
ranging form 100   to 5 k . The mechanical characteristics of the pre-stressed beam 
are calculated using the piezoelectric model as explained in Section 3.3. Two different 
cyclic loads are applied; a 5 Hz sinusoidal waveform with amplitude changing from 10 
N to 25 N and a 15 N waveform with frequency changing from 5 Hz to 25 Hz. The 
output voltage generated by the piezoelectric element were measured under different 
cyclic input forces and compared to the one predicted by the model in order to verify 
and test the model.       
 
Figure 3.13 Layout of the experimental setup   83 
 
Figure 3.15 Experimental and model fit results of the output power as a function of the resistive 
load  
As the amplitude of the input force is constant, increasing the frequency of the 
input force reduces the beam damping by 85 % and increases its stiffness by 55 % 
when the frequency changes from 5 to 25 Hz.  
 
Figure 3.16 a) Normalized experimentally measured values of damping versus input frequency, 
b) normalized experimentally measured values of stiffness versus input frequency   85 
 
Figure 3.18 Output power as a function of resistive load at different values of the input 
frequency  
Figure  3.19  shows  the  average  output  power  across  various  load  resistances. 
Increasing  the  amplitude  of  the  input  force  causes  the  output  power  to  increase. 
Comparing Figure 3.18 with Figure 3.19 illustrates that the output power depends not 
only  on  the  amplitude  and  the  frequency  of  the  input  force,  but  also  on  the  main 
compression force. Changing the main compression force from 35 to 45 N, causes the 
output power to drop by more than an order of magnitude. In this situation, the beam 
was subjected to an input force with an amplitude of 15 N at frequency of 5 Hz. This 
can  be  explained  as  increasing  the  compression  force  leads  the  beam  damping  to 
increase by one order of magnitude causing the output power to drop. 
 
Figure 3.19 Output power as a function of resistive load at different values of input force   88 
Thunder™ beam can be measured experimentally and then used in the model to predict 
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magnitude of component of the centripetal force acting on both piezoelectric beams is 
proportional to the distance between the centre point of the frame and the centre of 
rotation. Moreover, this applied force is proportional to the square of the rotating speed.   
 
Figure 4.6 Applied force on the piezoelectric transducer under uniform circular motion 
Equation 4.7 and equation 4.8 show that the effect of centripetal force on the 
piezoelectric harvester that is mounted on  a rotating  wheel in  a horizontal position 
during rotation is a pure sinusoidal signal. This analytical study is carried out without 
using a mass. By introducing the ball bearing into the system the applied force on the 
piezoelectric transducer located at both ends of the frame will increase. This force is the 
sum of the centripetal force and the impact force from the ball bearing. The total force 
acting on the piezoelectric beams due to the impact is analyzed numerically in Section 
4.5.3. However, a simple physical explanation of the movement of the ball bearing 
inside the tube can be analysed as following. The acting component of the centripetal 
force tries to move the ball bearing from one side of the tube to another and keeps it 
there until the direction of the centripetal forces changes. At this point the ball bearing 
will be released and forced to move to the other side of the tube. Therefore during one 
rotating cycle, the centripetal acceleration forces the mass to move from one side of the 
frame  to  another.  Under  non-uniform  circular  motion  the  acting  component  of  the 
tangential force works in the same direction as the acting component of the centripetal 
force if the object is speeding up.    102 
that have been generated after the impact. Therefore, in order to extract the maximum 
output power, the Thunder™ beam must be rigidly mounted at one end. However, the 
way  that  the  pre-stressed  beam  is  mounted  should  not  only  provide  the  maximum 
output power, but also it should provide mechanical stability. As the beam deformation 
generates due to an impact force, knowing the generated stress in the clamped area is 
essential for mechanical stability. Under an input force, the developed tensile stress in 
the  clamped  area  should  be  less  than  the  tensile  yield  strength  of  stainless  steel 
material. Moreover the developed shear stress due to the impact force should be lower 
than the value of the piezoelectric shear strength, because the piezoelectric material has 
the lowest value of shear strength in comparison with stainless steel and aluminium.   
Figure 4.9 shows the stress developed in the clamped areas when the beam is 
mounted in three different ways; rigidly supported at both ends, simply supported and 
rigidly supported at one end. The rigidly supported beam on one end generates 7 times 
more stress in the clamped area than the simply supported beam. The rigidly supported 
beam on both ends generates 5 times more stress in the clamped area than the simply 
supported beam. This means the cantilever configuration is the least favourite method 
of clamping the curved beam under an impact force. As the piezoelectric material is 
only located in the middle of the pre-stressed beam. All the stresses and thus the strains 
generated in the clamped area do not contribute to the output power.   
 
Figure 4.9 Simulated stress developed in the clamped area using different boundary conditions. 
There is a trade off between the amount of power generated and the mechanical 
stability of the pre-stressed beam. The simply supported pre-stressed beam proves to 
generate  modest  amount  of  output  voltage  and  the  lowest  amount  of  stress  in  the 
clamped area in comparison with the cantilever configuration and the rigidly supported   107 
Figure  4.15  and  Figure  4.16  present  the  developed  shear  stress  across  the 
thickness of the PZT and the stainless steel layers, respectively. These figures prove 
that  the  maximum  shear  stresses  are  developed  at  the  edges  of  the  PZT  material, 
especially at the bottom surface of the PZT where it comes in contact with the stainless 
steel layer. If this stress exceeds the shear strength of the material, damage will appear 
at the edges of the PZT layer. There is no data available about the shear strength of the 
PZT material. Typically, the shear strength at yield for different materials equals half of 
the tensile strength at yield according to machinery’s handbook [75]. This gives the 
PZT (5A) material a maximum shear strength of 10 MPa.     
 
Figure 4.16 Developed shear stress across the thickness of the stainless steel layer at different 
nodal lines. 
Figure 4.17 shows the shear stresses distributions for sections (X-X) 0.635 cm 
and (Y-Y) 5mm away from the centre of the beam where the force is applied.   
 
Figure 4.17 Simulated developed shear stress across the thickness of the Thunder™ beam.    127 
stress  in  the  axial,  lateral  directions  as  well  as  shear  stress  were  generated  in  the 
structure due to the impulse force applied to the middle of the curved beam. 
Analytical and numerical calculations were used to analyse the behaviour of the 
Thunder™ beam after impact and to calculate the maximum amount of stress that the 
device can withstand. Analytical calculations were obtained to analyse the impact force 
and the duration of impact and to calculate the value of the coefficient of restitution. 
The numerical calculations were used to understand the behaviour of the impact based 
piezoelectric harvester when it was mounted using the CF method. The model showed 
that  a  multiple  impact  was  produced  on  each  piezoelectric  element.  The  model 
provided a method to predict the amount of power that can be generated due to the 
effect of the rotational forces. Moreover, the model showed the relationship between 
the output power and the dimensions of the harvester. The maximum output power was 
found to increase by increasing the length of the frame, the mass of the ball bearing, the 
rotating speed and the separation distance between the centre of the tube and the centre 
of rotation.    132 
added  to  the  disk  20  mm  away  from  its  edge.  This  pulley  was  used  to  hold  the 
piezoelectric transducer through an L shaped aluminium base. A synchronous toothed 
belt was used to connect the two timing belt pulleys together. As the pulley in the 
middle of the disk was fixed (not rotating), the belt would force the other pulley, 20 
mm away from the disk edge, to stay in a horizontal position while it was rotating. 
Therefore, everything mounted on this pulley will stay in the same position during the 
rotation. Removing the belt connecting these two pulleys means that the harvester will 
not be kept in a horizontal position and it will rotate with the wheel. A cross section of 
the mechanical design that was used to keep the piezoelectric transducer in a horizontal 
position is shown in Figure 5.1.  
 
Figure 5.1 Cross section of the designed rotating wheel that allows the harvester to stay in a 
horizontal position while rotating. 
Finally, the wires from the transducer electrodes were connected to the slip ring 
for measurement reading. Figure 5.2 shows the experimental set-up to extract energy 
from rotation.   
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experiment was carried out using a Thunder™ pre-stressed beam mentioned in Section 
3.2.7 due to its mechanical stability. After the impact based piezoelectric harvester was 
assembled,  the  whole  structure  is  attached  to  the  host  (Figure  5.2).  The  distance 
between the centre of the tube and the centre of rotation was 0.06 mm. Two series of 
experiments  at  different  constant  speeds  ranging  from  100  rpm  to  800  rpm  are 
performed  to  verify  the  theoretical  prediction  of  the  average  output  power  and  its 
dependency on the rotating speed.  
For both experiments, the length of the frame was kept constant at a value of 
0.015 m. A ball bearing with a diameter of 0.01 m and a mass of 0.0035 kg was used. 
The tube had a diameter of 0.011 m. The 1 mm difference in diameter between the ball 
bearing and tube was made to reduce the friction between them.   
In the first experiment the belt that connects the central pulley to the one located 
at  the  edge  of  the  rotating  wheel  was  removed.  Therefore,  the  position  of  the 
piezoelectric harvester will change and the GF method will be applied on the harvester. 
In this situation, the main acting force that causes the ball bearing to move from one 
side of the tube to the other is the gravity force. The behaviour of the transducer in 
terms of the generated output power due to the impact force was recorded. The effect of 
the rotational and gravity forces on the generated output power when the ball bearing is 
removed from the tube was recorded.  
In the second experiment, the harvester was kept in a horizontal position during 
rotation. This was achieved by connecting the central pulley to the one located at the 
edge of the wheel using a belt (see Section 5.2.2). The reason behind mounting the 
transducer in this position was explained in Section 4.3.3.  In this case, the main acting 
force that causes the ball bearing to move from one side of the tube to the other is the 
centripetal force. The effect of this force on the generated output power was recorded in 
the absence and the presence of the ball bearing.  
After  the  relationship  between  the  rotating  speed  and  the  output  power  was 
tested,  the  dependency  of  the  output  power  on  both  the  frame  length  and  the  ball 
bearing mass was examined. Firstly, the relationship between the frame length and the 
maximum average output power for a given mass is investigated. A 0.0035 kg ball 
bearing mass was used to generate an impact force on the piezoelectric elements under 
different rotating speed. Four different frame lengths with available mass displacements 
of 0.002, 0.005, 0.01 and 0.02 m were used. Secondly, the effect of the ball bearing 
mass on the maximum average output power was investigated under different rotating   139 
Thunder™ pre-stressed  beams and the ball bearing act as one body  and the output 
voltage then increases slightly with the rotating speed.  
 
 
   
Figure 5.5 Open circuit voltage measurements using Thunder™ beam at up to 200 rpm under 
the effect of the impact force 
In addition, the waveform of the open circuit voltage is similar to the one where 
no ball bearing is introduced to the system as shown in Figure 5.6. However, the peak 
value is slightly higher at around 0.01 V at 330 rpm. It is predicted theoretically that the 
ball bearing sticks to one end of the tube when the rotating speed reaches 3.6 rps using 
the GF method. The experimental result agrees with the analytical one. The numerical 
model, presented in Section 4.5.4, that describes the behaviour of the mass predicts that 
a  multiple  impact  situation  occurs  after  the  mass  and  the  pre-stressed  beam  are  in 
contact with each other. This can be demonstrated in Figure 5.5 where after each peak   140 
due to the direct collision between the mass and the piezoelectric material there are a 
few peaks with lower amplitude. 
 
Figure 5.6 Open circuit voltage measurements using Thunder™ pre-stressed beam at rotating 
speed between 213 and 300 rpm under gravitational and impact forces 
In order to investigate the relationship between the output power and the load 
resistance, the root mean square voltage at each value of the load resistance is measured 
and the output power is calculated as has been illustrated in Section 5.4.3. Figure 5.7 
shows the effect of increasing the rotating speed on the average output power when the 
harvester is mounted using the GF method. The output power is measured across the 
optimum load resistance. The value of the load resistance changes with the rotating 
speeds. The different values of the of the load resistance are given at the end of this 
section.   141 
 
Figure 5.7 Output power as a function of rotating speed using Thunder™ pre-stressed beam 
under gravity and impact forces 
These results are obtained experimentally. This graph can be divided into 3 main 
regions.  In the first region, the power increases slightly from 10
-7 W to 4  ´ 10
-7 W 
when the rotating speed increases from 100 rpm to 133 rpm respectively. In this region 
the internal displacement of the ball bearing equals the whole length of the frame. 
Therefore, increasing the rotating speed in this region results in an increase in the ball 
bearing momentum acceleration by which it hits each end of the frame and hence the 
applied force. In the second region, increasing the speed from 133 rpm to 200 rpm 
reduces the output power dramatically to 5 ´ 10
-9 W. This is due to the effect of the 
component of the centripetal force acting in the direction of the free movement of the 
ball bearing. The value of this force increases by increasing the rotating speed. 
The  higher  the  applied  speed  the  less  available  internal  displacement  the  ball 
bearing has. At a speed of 210 rpm the average output power will reach its minimum 
value of 6 ´ 10
-11 W. This speed defines the beginning of region three where the ball 
bearing is completely attached to one end of the frame and its internal displacement is 
negligible.  In this region, the ball bearing  and  one of the piezoelectric pre-stressed 
beam begin to behave as one entity. Therefore increasing the rotating speed will result 
in a slight increase in the average output power due to the applied force from rotation. 
Figure 5.8 shows the average output power versus the load resistance in region one.    142 
 
Figure 5.8 Output power as a function of load resistance at rotating speeds up to 133 rpm using 
impact based piezoelectric harvester mounted using the GF method  
The  average  output  power  increases  by  increasing  the  load  resistance  until  it 
reaches its maximum value at the optimum load resistance. After that any increase in 
the load resistance results in a reduction in the output power. Moreover, increasing the 
rotating speed, results in an increase in the output power due to the increase in the 
impact force. The optimum output load resistance slightly reduces from 20 k  to 10 k  
by increasing the rotating speed from 100 rpm to 133 rpm. Figure 5.9 shows the effect 
of increasing the load resistance on the average output power at different values of 
rotating speed in region two.  
 
Figure 5.9 Output power as a function of external resistance at a rotating speed between 133 
and 200 rpm using Thunder™ piezoelectric pre-stressed beam under centripetal and impact 
forces  output    145 
long peak is formed when the piezoelectric element is directly compressed by the ball 
bearing. This is followed with shorter amplitudes generated by the multiple impacts. 
Another long peak appears again after one cycle. Figure 5.11 shows that there is a peak 
after half a cycle, which is formed due to the impact between the ball bearing and the 
other side of the tube. 
 
Figure 5.11 The open circuit voltage at a rotating speed of 800 rpm 
This  impact  creates  a  vibration  that  can  transfer  through  the  tube  and  causes 
output power to be generated from the piezoelectric located on the other side of the 
tube. The experimental results that show the effect of rotating speed on the open circuit 
voltage of the pre-stressed beam when subjected to impact force are presented in Figure 
5.12.  
 
   Figure 5.12 Open circuit voltage measurements using Thunder™ pre-stressed beam at 
different rotating speeds under centripetal and impact forces   146 
As can be seen, multiple peaks occur after the direct collision between the mass 
and  the  piezoelectric  pre-stressed  beam  due  to  multiple  impacts  between  them. 
Although  increasing  the  speed  increases  the  amplitude  and  the  frequency  of  the 
waveform, it slightly reduces the width of the pulses. Figure 5.13 shows the average 
output power introduced by one of the Thunder™ pre-stressed beam versus the load 
resistance.  
 
Figure 5.13 Output power as a function of external resistance at different rotating speeds using 
Thunder™ piezoelectric pre-stressed beam under centripetal and impact forces, solid lines 
present the experimental (exp.) results and the symbols present the numerical (num.) data   
Figure 5.13 shows that the resistance corresponding to the peak power between 
the experimental and the numerical results is displaced by up to 50 %. The difference in 
the amplitude peaks between the experimental and the numerical results reach up to 20 
%. The experimental results outline the effects of using the ball bearing on the average 
output power. A maximum average power of 2 mW, occurs at a rotating speed of 800 
rpm. As can be seen, reducing the rotating speed resulted in a reduction in the average 
output power. The slight shift in the maximum value of the output power indicates a 
decrease  in  the  optimum  load  resistance  of  the  transducer  when  the  rotating  speed 
increases. This is due to reduction in the mechanical damping of the Thunder™ and an 
increase in its stiffness.       150 
power using the two ball bearings. This figure compares the numerical results with the 
one  obtained  experimentally,  where  a  good  agreement  between  the  two  results  are 
obtained.  
 
Figure 5.16 Speed versus maximum average output power using 0.0035 and 0.0083 kg ball 
bearing with a mass available displacement of 0.01 m. 
The experimental results show that the value of the optimum load resistance for 
the simply supported Thunder™ pre-stressed beam drops from 60 k  to 6 k  when the 
ball bearing is adding to the tube. Moreover, the value of the optimum load resistance 
shows  a  slight  dependence  on  the  rotating  speed  over  the  range  of  measurement. 
Increasing the rotating speed from 200 rpm to 800 rpm results in reducing the load 
resistance from 6 k  to 1 k , respectively. Therefore, the greater the rotating speeds, 
the lower the optimum load resistance will be. This indicates that the increase in the 
applied force on the Thunder™ pre-stressed beam due to the mass impact changes the 
equivalent constant of the piezoelectric beam and thus the resonant frequency of the 
harvester.  This  agrees  with  the  results  presented  in  Section  3.4.4  as  increasing  the 
applied  force  causes  the  stiffness  of  the  piezoelectric  element  to  increase  and  the 
damping to reduce. This reduction in the stiffness causes the resonant frequency of the 
Thunder™ beam to increase, thus reducing the value of the load resistance.   
Some simulations and experimental results carried out by Umeda [56] show that 
the impact force from the ball bearing results in a reduction in the resonant frequency   152 
When  the  ball  bearing  was  not  introduced  into  the  tube,  any  increase  in  the 
rotating speed resulted in an increase in the output voltage and thus the output power. 
The maximum average output power at a speed of 800 rpm was 1.8 ´ 10
-9 W. In this 
case the harvester optimum load resistance was found to be 200 k . By introducing the 
ball bearing into the tube, the average output power improved by increasing the rotating 
speed to reach a value of 4 ´ 10
-7 W at 133 rpm. Any further increase in the rotating 
speed, resulted in a reduction in the output power. This was due to the effect of the 
centripetal  acceleration  component  that  worked  against  the  gravitational  force.  The 
average output power kept reducing until it reached its minimum value of 5 ´ 10
-9 W at 
210 rpm. At this point the ball bearing stuck at one end of the frame. Any further 
increase in the rotating speed resulted in a slight increase in the output power. The 
optimum load resistance was approximately 20 k  when the rotating speed was less 
than 100 rpm. This value dropped to 10 k  at a rotating speed above 100 rpm. By 
increasing the rotating speed beyond 133 rpm, the optimum load resistance started to 
increase and it reached the value of 200 k  at 210 rpm. 
The effect of increasing the rotating speed on the output power of a piezoelectric 
transducer, which was kept in a horizontal position (CF), was analyzed in this chapter. 
It was found that increasing the rotating speed resulted in an increase in the output 
power. The generated average power from each pre-stressed beam was 2.5 ´ 10
-6 W at 
800 rpm. These results were obtained using the optimum resistance, which was 60 k . 
In this case, the piezoelectric transducer was converting the available energy from the 
centripetal force into useful electrical power.  
Adding  a  ball  bearing  to  the  system  meant  that  the  force  acting  on  the 
piezoelectric  harvester  was  the  sum  of  the  centripetal  force  and  the  impact  force 
generated by the ball bearing. A pulse was generated every time the ball bearing hit the 
transducer. The frequency, amplitude and the width of the generated pulse depended on 
the rotating speed. For each Thunder™ pre-stressed beam, the average output power at 
800 rpm was 2 ´ 10
-3 W. However, the optimum load resistance dropped by an order 
of magnitude when the ball bearing was introduced to the system to a value of 6 k  at 
200  rpm.  Any  further  increase  in  the  rotating  speed  reduced  the  optimum  load 
resistance to 1 k  at 800 rpm. From the experimental results, increasing the rotating 
speed  resulted  in  an  increase  in  the  average  output  power.  Both  experimental  and 
theoretical results agreed that the relationship between rotating speed and the average 
output power was cubic. Finally, the average output power was directly proportional to   153 
the mass of the ball bearing. In summary the theoretical analysis and the simulation 
results showed that using CF method to mount the piezoelectric harvester at the edge of 
a rotating wheel generated more output power that using GF method with or without 
using a mass.   174 
material  is  used  because  it  is  commercially  available,  cheap,  light  and  easy  to 
manufacture. The tube is made of transparent plastic with holes placed alongside the 
tube and used to vary the initial axial gap by repositioning the outer magnets Figure 
6.20 (b). 
 
Figure 6.20 Different parts of the non-contact piezoelectric harvester. a) the base that carries 
the Thunder™ beam and the outer magnet, b) the tube, c) the middle magnet carrier 
For numerical and experimental results, the magnet will be chosen to have an 
aspect ratio in the range of 0.3-0.6. For a given volume, the maximum magnetic force is 
achieved when the aspect ratio is within this range (Section 6.4.2). The magnet shape is 
chosen to be cuboidal instead of cylindrical. This is based on the numerical results 
which show that for a given volume and aspect ratio, the cuboidal magnet provides 20 
% more magnetic force than the cylindrical magnet. The shape of the tube is round to 
reduce  the  amount  of  friction.  The  tube  diameter  is  limited  by  the  length  of  the 
Thunder™ beam. Therefore, if the length or the diameter of the middle magnet is less 
than the diameter of the tube, the magnet will flip and stick to one of the outer magnet. 
In order to solve this problem, a carrier shown in Figure 6.20 (c) is designed such that 
the magnet will fit tightly into it. This carrier moves in an axial direction between the 
outer magnets carrying the middle magnet. The carrier consists of two parts. The first 
part is a middle cylinder where the magnet fits tight in. The thickness of this part is 
approximately 40 % lower than the thickness of the magnet. This thickness allows the   189 
stiffness of the non-contact harvester reached its minimum value at that distance. If the 
distance was below this value, the magnetic force caused the Thunder™ beam to be flat 
and thus increasing its stiffness. Increasing the distance beyond 0.005 m reduced the 
initial applied force by the magnet on the Thunder™ beam and thus increased the value 
of its curvature. This increased the stiffness of the piezoelectric beam.   191 
and mount on the rotating object. Both the theoretical and the experimental results 
show that a harvester that uses Thunder™ beam on its own generates less power than 
the one that uses a ball bearing as a mass or magnetic levitation system. The harvester 
that uses only Thunder™ beam to extract power from rotation when it is mounted using 
the CF method generates an output power ranging from 3.5 ´ 10
-10 W to 7 ´ 10
-8 W 
when the rotating speed changes from 200 rpm to 400 rpm.   
In the impact based piezoelectric harvester, the ball bearing causes an impact on 
the Thunder™ beam due to the effect of the centripetal force and thus power will be 
extracted. The output power in this harvester is proportional to the square value of the 
available displacement of the ball bearing inside the tube and it has a cubic relationship 
with the rotating speed. However, the maximum speed should not exceed the critical 
value at which the applied force on the piezoelectric element is at its yield value. In 
order  to  compare  the  two  piezoelectric  harvesters  in  terms  of  the  generated  output 
power, the minimum volume provided due to the size of the Thunder™ beam is used. 
This volume determines the diameter of the ball bearing (0.015 m) in case of the impact 
based harvester and the magnet size (0.015 m ´ 0.015 m ´ 0.005 m) in the case of the 
non-contact  harvester.  The  experimental  results  of  the  output  power  of  the  two 
harvesters  are  compared  whilst  maintaining  the  length  of  the  tube  at  0.01  m.  The 
generated output power from the impact based harvester ranges from 10
-5 W to 2 ´ 10
-4 
W when the rotating speed changes from 200 rpm to 400 rpm. For the same rotating 
speeds, the output power of the non-contact harvester ranged from 1.3 ´ 10
-8 W to 6 ´ 
10
-6 W. For the non-contact harvester, the maximum applied rotating speed before the 
middle and the outer magnets come in contact with each other is 1500 rpm. For the 
impact based harvester, the maximum applied rotating speed is 540 rpm. Beyond this 
speed, the impact force will exceed its yield value causing damage to the Thunder™ 
beam. Both the size of the ball bearing and the length of the tube can be modified in 
order  for  the  harvester  to  withstand  the  maximum  rotating  speed.  One  of  the 
disadvantages of the impact based harvester is that there is no mechanical mechanism 
to protect the piezoelectric element from the impact force generated when the rotating 
speed exceeded the one that the harvester is designed at. This means this harvester is 
more suitable for applications where the rotating speed does not exceed its maximum 
value. Another disadvantage of the impact based harvester is the noise generated due to 
the physical contact between the mass and the piezoelectric elements. The non-contact 
piezoelectric harvester does not suffer from noise because there are no physical contact   193 
extracted from both types of harvesters. To date, the performance of the harvesters that 
have been presented in the literature and designed to harvest energy from the tyres is 
limited at high speed. This is due to the effect of the centripetal force. The limitation of 
keeping  the  harvester  in  a  horizontal  position  during  rotation  is  that  a  mechanical 
support is needed. To implement this method on a vehicle wheel requires a mechanical 
modification to be applied to the wheel. One way that the manufacturer can consider as 
a method of mounting the harvesters on the tyre is the model presented in this work.   
If the impact based harvester with a ball bearing diameter equals to 0.015 m and a 
tube length equals to zero is mounted at the edge of the vehicle wheel rim (175/50R13) 
using the CF method, the maximum rotating speed that can be applied is 14.5 rps. This 
means the linear speed of this vehicle is 51.7 mph. It is found theoretically that an 
impact based harvester with a mass diameter of 0.0045 m and tube length of zero has 
the ability to withstand a maximum linear speed of 70 mph. The output power of this 
harvester ranged from 3  W to 150  W when the speed changed from 30 mph to 70 
mph.  If  the  non-contact  piezoelectric  harvester  with  a  magnet  dimensions  equal  to 
0.015 m ´ 0.015 m ´ 0.005 m and tube length equals to 0.01 m is mounted at the edge 
of the vehicle wheel rim (175/50R13) using the CF method, the maximum rotating 
speed  that  brings  the  outer  and  the  middle  magnets  together  will  be  16  rps.  This 
happens  at  a  linear  speed  of  57  mph.  For  a  non-contact  harvester  with  magnet 
dimensions of 0.025 m ´ 0.025 m ´ 0.012 m and a tube length of 0.045 m, the vehicle 
linear speed by which the contact force starts to form between the outer and the middle 
magnet equals to 70 mph. Theoretically, the output power of this harvester ranged from 
3.56 ´ 10
-5 W to 14 mW when the linear speed changed from 30 mph to 70 mph. For 
this configuration, when the middle and one of the outer magnets come in contact with 
each other at a rotating speed of 70 mph, the applied force on the piezoelectric beam is 
more than 3 times its value at yield. This problem can be solved by reducing the length 
of the tube which allows a further reduction in the size of the magnets. In this case, 
magnets with dimensions equal to 0.015 m ´ 0.015 m ´ 0.005 m can be used with an 
initial axial gap of 0.004 m. Therefore, the piezoelectric device will be at yield when 
the middle magnet comes in contact with one of the outer magnets; however, the output 
power at 70 mph has been reduced to a few tens of microwatts.          197 
proportional to the distance between the centre of rotation and the object. Therefore, the 
piezoelectric transducer must be mounted as far as possible from the centre of rotation 
to generate the maximum amount of power. In addition this force is proportional to the 
square of the rotating speed. This present work introduced a new method to generate 
power  from  rotating  objects  using  a  piezoelectric  harvester.  It  involved  using 
centripetal  force  to  generate  an  impact  or  compression  force  on  the  piezoelectric 
structure. Thunder™ pre-stressed piezoelectric beams were used because they provided 
higher mechanical stability and output power compared to unstressed beams with the 
same volume. The harvester was designed to be mounted at a certain distance from the 
centre of rotation. Chapter 2 presented some attempts that were carried out to generate 
power from rotation using electromagnetic harvesters. These harvesters were attached 
to the centre of the rotating object. However, when these harvesters were mounted at a 
certain distance from the centre of rotation, the output power reduced due to the effect 
of the centripetal force. Rolling vehicle tyres is one of the applications that can be used 
to harvest energy from rotation and it was used as the main application in this project. 
Several papers described the importance of checking vehicle tyre pressure and outlined 
different methods to measure it. There is not only an economic benefit from keeping 
the tyre at the correct air pressure, i.e. increasing the lifetime of the tyre and reducing 
the  fuel  consumption,  but  there  is  also  a  safety  issue.  TPMS  is  one  of  different 
techniques that have been used to inform the driver with the pressure reading in the 
vehicles tyres. In this technique, the sensors implemented inside the vehicle tyre send 
the reading directly to the driver using RF signals. Current TPMS sensors are powered 
by  3  V  lithium  batteries.  In  order  to  increase  the  lifetime  of  the  wireless  sensors, 
batteries can be replaced by energy harvesters. The harvester is fitted on the vehicle 
rim, which has the advantage to be mounted directly to the TPMS. All methods which 
were presented in Chapter 2 and used to generate power from a vehicle wheel depended 
on  generating  power  from  the  contact  zone  between  the  tyre  and  the  road.  The 
maximum output power that was measured using this method was 80  W at 80 km/h. 
These harvesters were mounted at the inner side of the tyre. In this project, centripetal 
force was used to generate an output power. This means that the vehicle wheel can 
generate  electrical  energy  without  the  need  for  a  contact  zone.  The  developed 
harvesters in this project were designed to be mounted at the rim of the vehicle wheel.  